DNA sequences from orthologous loci can provide universal characters for taxonomic identification. Molecular taxonomy is of particular value for groups in which distinctive morphological features are difficult to observe or compare. To assist in species identification for the little known family Ziphiidae (beaked whales), we compiled a reference database of mitochondrial DNA (mtDNA) control region (437 bp) and cytochrome b (384 bp) sequences for all 21 described species in this group. This mtDNA database is complemented by a nuclear database of actin intron sequences (925 bp) for 17 of the 21 species. All reference sequences were derived from specimens validated by diagnostic skeletal material or other documentation, and included four holotypes. Phylogenetic analyses of mtDNA sequences confirmed the genetic distinctiveness of all beaked whale species currently recognized. Both mitochondrial loci were well suited for species identification, with reference sequences for all known ziphiids forming robust species-specific clades in phylogenetic reconstructions. The majority of species were also distinguished by nuclear alleles. Phylogenetic comparison of sequence data from ''test'' specimens to these reference databases resulted in three major taxonomic discoveries involving animals previously misclassified from morphology. Based on our experience with this family and the order Cetacea as a whole, we suggest that a molecular taxonomy should consider the following components: comprehensiveness, validation, locus sensitivity, genetic distinctiveness and exclusivity, concordance, and universal accessibility and curation.
Recognition and delineation of species is of fundamental importance in taxonomic classification and conservation. Although the question ''What is a species?'' is far from resolved (e.g., Wheeler and Meier 2000) , the assignment of an individual to a particular species based on morphology is generally straightforward for well-known taxa. For lesser-known or rare taxa, however, determining the species identity of an individual can be problematic. Due to the declining abundance of many species, access to complete anatomical specimens is becoming a vanishing luxury. With rare or partial voucher specimens, it can be difficult to judge whether characters are diagnostic (i.e., synapomorphies) or represent variable traits shared with other species. For many animal taxa, the lethal collection of such voucher specimens would now also be considered unethical. If species are cryptic morphologically with more common taxa and threatened directly by exploitation or indirectly by habitat loss, extinction could occur before their distinctiveness is recognized and sufficient material can be gathered for formal classification (e.g., Wakeham-Dawson et al. 2002) .
Genetic information in the form of DNA sequences can serve as a universal character set for the taxonomic identification of organisms. Such genetic characters are particularly useful for species in which distinctive morphological features are difficult to observe or compare. Genetic databases have become increasingly common in the monitoring of trade and investigation of poaching (e.g., Baker et al. 1996; Baker and Palumbi 1994; DeSalle and Birstein 1996; Malik et al. 1997; Roman and Bowen 2000) , but their use in addressing questions of basic organismal taxonomy or the discovery of new vertebrate species remains rare Giao et al. 1998; Smith et al. 1991) . For microorganisms, however, these techniques are widely used to investigate species diversity and identity (e.g., Fuhrman et al. 1992; Moon-van der Staay et al. 2001; Pace 1997) . It is becoming increasingly obvious that a molecular taxonomy would be valuable for all organisms Hebert et al. 2003; Tautz et al. 2003) .
Genetic identification of specimens of known species differs from the usual goal of organismal phylogenetics, that of defining sister taxa (Hennig 1966) . Given a database of ''reference'' sequences, unknown ''test'' specimens can be identified to species based on their phylogenetic grouping with sequences from recognized species to the exclusion of sequences from other species (Baker et al. 1996; Baker and Palumbi 1994) . Reference sequences should only be obtained from validated specimens-animals examined and identified by experts for which diagnostic skeletal material or photographs of such features are collected (as discussed by Dizon et al. 2000) . Problems can occur, however, if taxon sampling is incomplete (missing species) or within-species sampling is not sufficiently representative of diversity. In cases of deep intraspecific diversity (e.g., Lento et al. 1994; Wayne et al. 1990) or shallow interspecific divergence (e.g., Dizon et al. 2000; Milinkovitch et al. 2002) , an unknown test sequence could group with the next most closely related species. Baker et al. (1996) suggested that identification of test sequences should be considered conclusive only if they nest within the diversity of reference sequences for a species. It is important therefore that levels of genetic diversity within and divergence between species in a group of interest are first assessed. It should also be noted that recently diverged species might not be reciprocally monophyletic at all loci (e.g., Baker et al. 1996; Hare et al. 2002) .
Beaked whales (family Ziphiidae) are among the least known of all vertebrates (Wilson 1992) . Found in deep-water regions worldwide, many of the 21 species currently recognized have been described from only a small number of stranded specimens. For several, there has yet to be a confirmed sighting of a living animal. Even in the last decade or so, three new ziphiids have been described. Species identification in this group is based primarily on features of cranial and tooth morphology, which for some species are diagnostic only in mature animals (Moore 1968) . Many species are also very similar in external appearance (Mead 1989) . As a result, stranded animals are frequently misidentified (Dalebout et al. 1998) and those seen at sea are often identifiable only to the level of family or genus.
Here we present a comprehensive and validated mitochondrial DNA (mtDNA) reference database of control region and cytochrome b sequences for beaked whales (Dalebout et al. 1998; Henshaw et al. 1997; this article) . These mtDNA datasets, including earlier partial versions, have been used previously to correctly identify specimens misidentified from morphology and discover a new species of beaked whale (Dalebout et al. 1998 van Helden et al. 2002) . These datasets are presented here in full for the first time. We also present a complementary database of nuclear DNA (nDNA) actin intron sequences for 17 of the 21 beaked whale species and consider the concordance of evolutionary patterns among these alleles with the mtDNA phylogeny.
Materials and Methods

Sample Collection and DNA Extraction
Samples were obtained from stranded or beach-cast animals, victims of incidental fisheries takes (by-catch), and museum collections (Dalebout 2002; Dalebout et al. 1998 Dalebout et al. , 2003 Henshaw et al. 1997; van Helden et al. 2002; this article) . Reference sequences were generated only from validated specimens (control region, n ¼ 42; cytochrome b, n ¼ 41; actin intron, n ¼ 31) (Table 1) . Specimens not validated by expert morphological examination or diagnostic material/ documentation were considered ''test'' specimens and subjected to phylogenetic comparisons to the reference sequences to confirm their species identity (n ¼ 9; see Discussion). Total genomic DNA was isolated from fresh tissue samples using proteinase K digestion, following standard methods (Davis et al. 1986) , as modified by . For historic museum specimens represented by teeth or bone, DNA was extracted using the silica-based method (Boom et al. 1990; Höss and Pääbo 1993) as modified by Matisoo-Smith et al. (1997) , and techniques described in Pichler et al. (2001) .
Polymerase Chain Reaction (PCR) Amplification and Sequencing
Using the PCR, the following loci were amplified: a 500 bp fragment of the 59 end of the mtDNA control region (Dloop) using the primers M13-Dlp1.5-L [t-Pro whale] and Dlp5-H (Dalebout et al. 1998 ), a 424 bp fragment of the 59 end of the mtDNA cytochrome b gene using the primers GLUDG-L and CB2-H (Palumbi 1996) , and a 950 bp fragment of the first intron of the nuclear muscle actin gene using the primers ACT3-F and ACT1385-R (Table 2) . For the mtDNA, the internal primers discussed below were used for sequence verification for some samples. For the actin intron, the internal primers ACT5-F and M13-ACT5R-R (Baker CS and Palumbi SR, unpublished data) were used for sequence verification. Amplification of these segments followed standard protocols (Palumbi 1996) .
For the majority of specimens represented only by tooth or bone, full-length mtDNA sequences were not amplified successfully, as expected from uncontaminated DNA extractions from such material (Höss and Pääbo 1993) . For the mtDNA control region, these specimens are instead represented either by a 301 bp fragment amplified using the primers M13-Dlp1.5-L and Dlp4-H (Baker CS, unpublished data) or a 249 bp fragment amplified using the primers Dlp10-L (Baker et al. 1993) and Dlp4-H. For cytochrome b, these specimens are instead represented either by a 289 bp fragment amplified using the primers CB1-L and CB2-H (Palumbi 1996) or a 196 bp fragment amplified using the primers CYBMF-L and CYBMR-H (Dalebout 2002) . The latter primer pair was designed specifically for beaked whales to avoid amplification of modern human mtDNA, a frequent contaminant of historical osteological material, or that of other cetacean species. See Table 2 for all primer sequences and Figure 1 for a primer map. The shorter fragments nest within the larger fragments characterized for the mtDNA loci and cover the most variable segments (see below). PCR amplification and sequencing of these smaller DNA fragments followed standard protocols, except for the addition of bovine serum albumin (BSA) solution (0.5-1 lg/ll) to overcome the effect of inhibitors (Pääbo 1990 ). Amplification of nuclear fragments was not attempted from tooth and bone specimens. PCR products were sequenced in both directions for at least one specimen per species on an ABI 377 or modified ABI 373 automated sequencer (Applied Biosystems Inc.) using BigDye dye terminator chemistry. All reference sequences have been deposited in GenBank (see Table 1 for accession numbers). Sequences were aligned using the program PILEUP, available in the GCG package (Deveraux et al. 1984) , with a gap penalty of 2 and extension penalty of 0.3 and further checked by eye. For the nDNA dataset, variable sites were assessed by eye for each beaked whale species. Heterozygous individuals were inferred from ''double peaks'' (i.e., the occurrence of two different nucleotides in the same position in the sequence, indicating the presence of two different alleles) using the program Sequencher 3.1.1 (Gene Codes Corp.), and confirmed through comparison of forward and 5 Milinkovitch et al. (1994) 6 Arnason and Gullberg (1996) a Shorter mtDNA control region sequences from these specimens were published by Henshaw et al. (1997) . b Shorter mtDNA control region sequences from these specimens were published by Dalebout et al. (1998). reverse sequences. Alleles were identified either directly from homozygous individuals or by ''subtracting'' from heterozygotes using the principle of parsimony (i.e., for a given species most alleles from slowly evolving nuclear loci are likely to differ by only 1 or 2 bp). While only two individuals per species are included in the nDNA database presented here, actin intron sequences were amplified from multiple specimens for the majority of beaked whale species. These additional sequences, generated for other analyses, were used to assist in the identification of alleles (Dalebout 2002) .
Phylogenetic Analyses and Identification of Test Specimens
For identification of test specimens, control region and cytochrome b datasets were analyzed separately. Inclusion of representatives from other cetacean families did not affect the results of phylogenetic reconstruction for the mtDNA or nDNA datasets at any nodes relevant to this article (Dalebout 2002) , and as such, were not included in the analyses presented here. Instead, trees were rooted with Baird's beaked whale (Berardius bairdii), which appears to represent the ancestral lineage among the Ziphiidae based on morphological and molecular data (Arnason and Gullberg 1996; Dalebout 2002; Messenger and McQuire 1998) .
For all datasets, appropriate models of molecular evolution were selected using the program ModelTest 3.06 (Posada and Crandall 1998) . This program uses a series of hierarchical likelihood ratio tests to compare the fit of the nested general-time-reversible (GTR) family of nucleotide substitution models. Output from ModelTest was used to provide the starting parameters for maximum-likelihood (ML) reconstruction of phylogenetic relationships among sequences as implemented in the program PAUP* (Swofford 2000) . ML reconstructions used the heuristic search option with random sequence addition (10 replicates) and subtree pruning-regrafting branch swapping. The statistical consistency of groupings was evaluated by ML bootstrap resamplings of the data (control region, 200; cytochrome b, 200; actin, 500). The number of bootstrap replicates differs between datasets due to limitations of time and availability of computers. Trees obtained from maximum parsimony (MP) analyses (heuristic search, random sequence addition-100 replicates, tree bisection-reconnection branch swapping, Table  2 for primer sequences.
insertion-deletions coded as missing data) did not differ from the ML trees at any nodes relevant to this article.
Consistency and Sensitivity of Species Identification
To investigate the consistency and sensitivity of the mtDNA loci for beaked whale species identification, aligned files of reference sequences were subjected to a series of deletion subsamplings. Starting with full-length sequences, the files were reduced 50 bp at a time to find the minimum sequence length required for reliable assignment of test specimens to species. Deletion series were performed from both the 59 and 39 ends of the alignment to determine the effect of sequence position within the fragment. To allow identification of beaked whale-specific insertion-deletions (indels) and other sequence landmarks, files used for these analyses included representatives of other cetacean species (length of aligned control region file with outgroups, 450 bp). A bootstrap score of 80% was chosen as the cutoff for positive ''species identification'' in this simulation. Although the choice of cutoff value was arbitrary, a score of 80% was considered a sufficient indication of robust support for the node uniting the reference sequences for any one species. In a similar application, Hillis and Bull (1993) found that a bootstrap score of 70% corresponded to a probability of 95% that the corresponding clade was valid. At each stage of deletion subsampling, the robustness of species-specific groupings was assessed by 1000 neighbor-joining bootstrap resamplings of the data using PAUP*, with appropriate models of evolution selected by ModelTest 3.06. The distribution of variable sites and inferred number of mutations at each site (steps) were calculated using the program MacClade 4.0 (Maddison and Maddison 1992) based on the relationships among ziphiids suggested by the ML trees constructed previously.
Results
Reference Database of mtDNA Sequences
The mtDNA control region and cytochrome b fragments were amplified and sequenced to compile a comprehensive database for the 20 beaked whale species recognized at the start of this study (Rice 1998) . However, sequences derived from putative specimens of Hector's beaked whale (Mesoplodon hectori) from the North Pacific (Henshaw et al. 1997) and the Southern Hemisphere (Dalebout et al. 1998 ) did not group together in phylogenetic analyses as would be expected if they represented the same species. Additional analyses confirmed that the north Pacific specimens represented a new species of beaked whale, Mesoplodon perrini, bringing the total in this family to 21 ) (see Discussion).
The mtDNA reference database consists of two sets of aligned sequences for all 21 beaked whale species; the 59 end of the control region (consensus length 437 bp), and the 59 end of the cytochrome b gene (consensus length 384 bp). The consensus length of each alignment was defined by the longest sequences available for each species (except those known to date only from osteological material from which full-length mtDNA sequences could not be amplified). Where possible, two representatives of each species were included, obtained from different geographic regions within their range (Table 1A,B) . In four cases, sequences were derived from holotype specimens (Indopacetus pacificus, Mesoplodon ginkgodens, M. perrini, and M. traversii).
Mitochondrial Loci: Genetic Diversity and Species Distinctiveness
Among the beaked whales, the control region alignment required only minor adjustments for indels. No indels were found in the cytochrome b alignment, as expected for sequences coding for a functional protein. There was no evidence of stop codons or other interruptions to the reading frame indicative of possible nuclear pseudogene sequences (e.g., Lopez et al. 1994 ). For both loci, patterns of nucleotide substitution were consistent with those reported by other researchers (e.g., Arnason and Gullberg 1996; Arnason et al. 1993; Baker and Medrano-Gonzalez 2002) , and sequences obtained from different PCRs using different primer pairs were unambiguous. Contrary to what has been reported for other mammals (Lopez et al. 1997) , interspecific divergence among beaked whales was greater for cytochrome b (average 13.19%; range 2.90-19.43%) than for the control region (average 8.57%; range 3.37-20.49%). For intraspecific diversity, this relationship was reversed (control region: average 0.85%; range 0.23-3.10%; cytochrome b: average 0.51%; range 0-1.15%).
Phylogenetic analyses of the mtDNA reference sequences confirmed the alpha taxonomy of all 21 beaked whale species described to date (Figure 2a,b) . Although the validity of some beaked whale species has been questioned due to the subtlety of diagnostic morphological features (e.g., McCann 1962a,b; Moore 1968), each was found to be genetically distinct. Reference sequences representing each species grouped together with high bootstrap support, speciesspecific lineages were distinguished from other lineages by a series of synapomorphic nucleotide substitutions (as reflected by branch lengths), and sister taxa were reciprocally monophyletic. Only the control region sequences of the southern bottlenose whale (Hyperoodon planifrons) were weakly paraphyletic with those of its congener, the northern bottlenose whale (H. ampullatus) (Figure 2a ) due to a deep intraspecific divergence at this locus among specimens of the former species (Dalebout 2002) . A reciprocally monophyletic relationship was suggested by cytochrome b (Fig. 2b) and by analyses combining sequences from both loci (not shown).
Mitochondrial Loci: Consistency and Sensitivity of Species Identification
Mapping of variable sites inferred from the ML tree showed that the first 160 bp of the 59 end of the beaked whale mtDNA control region forms a hypervariable section (Figure 3a, top panel) . The remaining 39 portion of this fragment was far more conserved and included a diagnostic 50 bp deletion (Dalebout et al. 1998) . A similar, albeit less extreme distribution of variable sites has been documented for this locus in other cetaceans (Baker and Medrano 2002; Hoelzel et al. 1991) . The smaller sequence fragments obtained from tooth and bone specimens either spanned the hypervariable portion of this locus or a significant portion of it. Results from deletion subsampling indicated that much of the phylogenetic signal was contained in the 59 hypervariable segment. For beaked whale ''species identification'' (i.e., robust assignment of ''test'' specimens to species), a minimum of 100 bp from the 59 end of the control region would be required (bootstrap score 80%) ( Figure  3a , middle panel). For the 39 end, approximately 350 bp would be required to obtain a similar consistency (Figure 3a , bottom panel).
In comparison, variable sites were more evenly distributed in cytochrome b (Figure 3b, top panel) . The wider distribution of variable and informative sites at this locus was reflected in the results of deletion subsampling. A 100 bp segment from the 59 end would be sufficient for reliable beaked whale species identification (Figure 3b Phylogenetic relationships among the 21 described beaked whale species (Ziphiidae), based on (a) mtDNA control region sequences (437 bp) and (b) cytochrome b sequences (384 bp) from ML analyses. Numbers above internal nodes indicate bootstrap values 50%. All described species are represented by two reference specimens where possible. Although well suited to answering questions of species identity, these rapidly evolving mitochondrial loci offered little resolution of higherlevel relationships in this group. Boxed taxon names highlight cases demonstrating the utility and power of the beaked whale DNA database (see Discussion): (1) partial specimens of the species known previously as Mesoplodon bahamondi, linked to the only known specimen of M. traversii through mtDNA analysis ; (2) mtDNA identification of new specimens of Indopacetus pacificus as a result of which the external appearance of this species was finally revealed ; and (3) specimens of M. perrini, a new species of living beaked whale discovered through phylogenetic analysis of mtDNA sequences . H, holotype included among specimens analyzed. ML scores (ÿln L), control region ¼ 2318.40; cytochrome b ¼ 2467.00. Models of evolution;
Reference Database of nDNA Sequences
Actin intron fragments were amplified and sequenced for 17 of the 21 species (Table 1C) . As with the mtDNA datasets, two representatives of each species were included where possible. Nuclear sequences were obtained only from species for which fresh tissue samples were available. The nDNA reference database consists of aligned sequences (consensus length 925 bp), with each beaked whale species represented by two (and in some cases three) alleles. Where both reference specimens for a species were homozygous for the same allele, two copies of that allele were included in the database to reflect sampling effort.
nDNA: Genetic Diversity and Species Distinctiveness
The overall structure and low number of indels observed among the beaked whale actin intron sequences were similar to those reported for baleen whales . Average interspecific pairwise sequence divergence was 1.05% (range 0.11-2.01%) and average intraspecific diversity was 0.24% (range 0% [i.e., all individuals screened were homozygous for the same allele] to 0.66%). All alleles obtained were species specific and, for the majority of species, grouped together to the exclusion of alleles representing other species (i.e., monophyly of alleles within species) (Figure 4 ). While bootstrap scores for some speciesspecific clades were low, the overall consistency index was high (as obtained through both MP analyses and MP evaluation of the ML tree). Several internal branches received additional support through the presence of unique indels, the distribution of which was mapped onto the ML tree after construction (Figure 4 , white crossbars). For some closely Figure 3 . Consistency and sensitivity of mtDNA control region and cytochrome b sequences for beaked whale species identification: (a) 450 bp of the 59 end of the control region (as aligned to sequences from other cetacean taxa), three panels; and (b) 384 bp of the 59 end of cytochrome b, three panels. Top panels show the distribution of variable sites for each locus based on ML trees. Middle panels show the effect of sequence length reduction from the 39 end. Bottom panels show the effect of sequence length reduction from the 59 end. The dashed line in these panels indicates the level of consistency considered acceptable for species identification (80% bootstrap score; averaged over all beaked whale species). Gray bars highlight the minimum length of sequence required to attain this level of consistency. Site is the nucleotide position in the alignment. Steps is the number of mutations occurring at that site across all beaked whale taxa in the alignment. Gray box in the top panel of control region figure (a) indicates the position of the 50 bp deletion specific to beaked whales. Bootstrap scores obtained from neighbor-joining analyses using the following models of evolution: control region, HKY þ G,
related species, alleles did not form species-specific clades due to a lack of synapomorphies (e.g., Gray's beaked whale [Mesoplodon grayi]). A paraphyletic relationship was observed among alleles from the two Hyperoodon species.
The utility of a parallel nDNA database for beaked whale species identification is twofold. First, hybrid animals cannot be detected unless biparentally inherited loci are screened. Second, in the absence of female-mediated gene flow, populations may appear monophyletic at mtDNA loci even if male-mediated gene flow continues. Evaluation of phylogenetic patterns at nDNA loci can therefore help assess levels of genetic isolation among populations and species. With the cessation of all gene flow, lineage sorting in a population will result eventually in all alleles tracing back to a single lineage (coalescence). Neutral theory predicts that the evolution of monophyly will be four times slower in nuclear than in mitochondrial genes. This is due largely to the slower rate of genetic drift in autosomal nuclear loci because of the fourfold difference in the effective population size. As such, recently diverged species may be monophyletic for mtDNA haplotypes but not nDNA alleles.
Although generally similar in external morphology, sufficient evolutionary time appears to have elapsed since the divergence of most beaked whale species for these lineages to have attained monophyly at both mitochondrial and nuclear loci. Similar findings have been reported for several baleen whale species (family Balaenopteridae) (Palumbi et al. 2001) . In contrast, the north Pacific whitesided dolphin (Lagenorhynchus obliquidens) and southern hemisphere dusky dolphin (L. obscurus [family Delphinidae]) were found to be paraphyletic in analyses of nuclear butyrophilin intron sequences (Hare et al. 2002) . Given the patterns of comparative intraspecific diversity and interspecific divergence observed among beaked whales at the mtDNA [see also Dalebout (2002) ], our findings of nuclear actin monophyly for most species are consistent with the predictions of the ''three-times rule.'' This rule states that, on average, most nuclear loci will be monophyletic when the branch length leading to the mtDNA sequences of a species is three times longer than the average mtDNA sequence diversity observed within that species (Hare 2001; Palumbi et al. 2001 ).
Discussion
DNA taxonomy, together with the often-associated but less contentious concept of Web-based taxonomy, has recently become a topic of major discussion. Bisby (2000) and Godfray (2002) put forward a plea that Web-based technology be used to provide wider access to taxonomic information for biodiversity research. In response, Tautz et al. (2002 Tautz et al. ( , 2003 suggested that many of the problems currently faced by traditional morphology-based taxonomy could be further resolved by using DNA sequences as a universal reference standard. Extending this idea, Hebert et al. (2003) proposed that DNA ''barcodes'' (sequence profiles based on a single genetic locus) could be used as a global bioidentification system for all animals. Recommendations such as these, suggesting that ''DNA taxonomy can provide a new scaffold for our accumulated taxonomic knowledge and a reliable tool for species identification and description'' (Tautz et al. 2002) have resulted in vociferous debate (e.g., Dunn 2003; Lipscomb et al. 2003; Seberg et al. 2003) . However, many of these objections appear to be fueled by the mistaken notion that adoption of a molecular taxonomic approach will lead to all morphological information in species descriptions being discarded.
Components of a Molecular Taxonomy
Given our experience with the family Ziphiidae, and that of others and ourselves with the order Cetacea as a whole Ross et al. 2003) , we offer the following components for consideration as the basis of a molecular taxonomy for all organisms. Table 1C . Numbers above internal nodes indicate bootstrap scores 50%. White crossbars represent diagnostic indels. Mesoplodon perrini (arrow) is distinguished from all other beaked whales by a unique 34 bp deletion. A single base pair deletion unites all species in the genus Mesoplodon and another distinguishes M. peruvianus. ML score (-ln L) ¼ 1854.76. Model of evolution, HKY. Consistency index (CI) ¼ 0.936, retention index (RI) ¼ 0.962 (based on MP evaluation of ML tree).
Comprehensiveness
All described species in a group should be represented. Multiple representatives from different geographic locations should be included for each species to reflect the full range of genetic diversity. The number of specimens required for this will differ among taxa, depending on the levels of intraspecific genetic diversity and divergence from other closely related species. Where databases are to be established for several loci, the same suite of reference specimens should ideally be used to generate all sequences. Unfortunately this was not possible for the beaked whale databases presented here (Table 1 ) due opportunistic methods of data collection and the nature of some source material.
Validation
DNA sequence data should be obtained from holotype specimens wherever possible. Otherwise DNA sequences should be obtained only from validated specimens; those examined by experts for that group and from which diagnostic skeletal material or photographs have been collected (Dizon et al. 2000) . Native DNA may no longer be present in holotype specimens due to age, museum preparation methods, and storage conditions. In these cases we suggest that validated specimens from the type locality should be used to stand in for the holotype (e.g., Tautz et al. 2003; Winston 1999) . Under the International Code of Zoological Nomenclature (ICZN), a neotype can be designated only if the holotype specimen has been destroyed or lost. We propose that where native DNA cannot be obtained from a holotype specimen, an official ''DNA neotype'' should be formally designated for the purposes of molecular taxonomy.
Locus Sensitivity
The locus or loci used for such analyses should be appropriate to the group of interest. Although use of a single, universal genetic marker might be desirable (e.g., cytochrome oxidase I; Hebert et al. 2003) , we feel that such an approach is unlikely to be sufficiently sensitive for all organisms. Given the vast differences in molecular rates and patterns, and the lack of a single definition of what constitutes a species agreeable to all biologists, there is no single molecular marker suitable for the identification of all organisms. The mtDNA control region or cytochrome b is likely to be more suitable for most mammalian groups, but not all taxa will conform to the same patterns of molecular evolution. For example, in a recent comparison of divergence rates among mammalian mtDNA loci, cytochrome b was ranked 13th out of 18 on average (where a rank of 1 was the most divergent; Lopez et al. 1997) . The 59 end of the control region was ranked second on average in these same comparisons. For the Ziphiidae, however, this pattern of divergence appears to be reversed. Minimum sequence length required for robust species identification should also be considered. It may not be possible to obtain full-length sequences from historic tooth and bone material (e.g., holotype specimens), but short fragments may still be sufficient depending on locus sensitivity. Deletion subsampling analyses performed here allowed us to determine the minimum length of mtDNA sequences required for robust beaked whale species identification. With such issues in mind, we suggest that molecular taxonomists work closely with species specialists to select and develop appropriate loci and sampling programs. Ultimately a truly universal molecular taxonomy will require a hierarchical suite of markers to fully resolve the links between the roots and branch tips in the tree of life.
Genetic Distinctiveness and Exclusivity
Sequences from specimens assumed to represent a given taxon should form monophyletic lineages (Milinkovitch et al. 2002) . Lineages representing the same species are then expected to group together to the exclusion of lineages representing other described species, with synapomorphic nucleotide substitutions distinguishing these lineages from one another. Bootstrap scores and other measures of robustness are expected to be high for species-specific clades in most cases.
Concordance
Phylogenetic analyses of multiple loci, together with assessment of morphological features, behavior, and geographic distribution, should yield concordant results. Within this framework, a molecular taxonomic approach could also lead to the discovery of new species. If all known species in a group are represented in a molecular phylogeny, the discovery of a new lineage, represented by one or more specimens, must be considered worthy of further scrutiny ( Figure 5 ). This scrutiny would involve tests of concordance to determine the appropriate level for taxonomic classification (i.e., species, subspecies, evolutionarily significant units) as follows (Avise 2000; Avise and Ball 1990) : (1) concordance across sequence characters within a genetic locus (putative gene-tree clades should be robust, as reflected in high bootstrap scores) leading to conclusive exclusion; (2) concordance in these genealogical patterns across multiple loci, both mitochondrial and nuclear (i.e., gene-tree partitions should reflect phylogenetic partitions at the species level); (3) concordance with biogeographical patterns; and (4) reexamination of the morphology of the specimen(s) in question.
Universal Accessibility and Curation
Databases of DNA reference sequences and information on validated source specimens should be easily updateable and accessible to everyone, together with standardized phylogenetic programs for species identification . Such universal access can be facilitated through the Worldwide Web, with molecular and morphological data curated by species specialists for each group (e.g., Bisby 2000; Godfray 2002) . Following this recommendation, the beaked whale mtDNA reference database presented here, together with associated information, will be available through the Web-based species identification program, DNA Surveillance (http://www.dna-surveillance.auckland. ac.nz) . This program implements a phylogenetic approach to species identification of whales, dolphins, and porpoises using a hierarchical set of aligned sequences from the mtDNA control region and cytochrome b for the majority of recognized species in this order Ross et al. 2003) . Using this approach, we aim to bridge the gap between the nonarchived international genetic database, GenBank, and new Web-based archiving initiatives of museums and other institutions (e.g., Bisby 2000; Bisby et al. 2002; Godfray 2002; Knapp et al. 2002) .
Applications and Discoveries
The following three discoveries, discussed in detail elsewhere van Helden et al. 2002) , are summarized here as examples of the utility of a molecular taxonomic approach for beaked whales.
Fragmented Evidence and Orderly Nomenclature
The first discovery concerns three partial specimens: a beach-cast skull collected from Robinson Crusoe Island, Chile, in 1986, described as a new species (Mesoplodon bahamondi) by Reyes et al. (1996) ; a beach-cast skull collected from White Island, New Zealand, in the 1950's, identified first as M. ginkgodens (Baker and van Helden 1999) and later as M. bahamondi (Baker 2001 ) from morphology; and a lower jaw with teeth collected from Pitt Island, New Zealand, in 1872, registered as M. layardii in the Museum of New Zealand Te Papa Tongarewa. No lower jaw or teeth were collected for the two beach-cast skulls. These three partial specimens were linked and shown to represent the same species through phylogenetic analyses of mtDNA sequences (Figure 2a ,b, number 1) . A subsequent literature review revealed that the lower jaw had in fact been described as a new species by Gray (1874), but had been synonymized with M. layardii by subsequent researchers. With all three specimens now recognized as the same species, the original name, M. traversii, takes precedence over M. bahamondi . Known to date only from these three specimens and with no records of its external appearance, M. traversii is the rarest of all living cetaceans. Sequences from the holotype (Pitt Island) and Chilean specimen are now included in the DNA reference database (Table 1) .
Correct Identification and Revelation of External Appearance
Until recently, Longman's beaked whale (Indopacetus pacificus) was known only from two beach-cast skulls collected in Australia and Somalia in 1882 and 1956, respectively (Azzaroli 1968; Longman 1926) . In 1976 and 1992, two juvenile beaked whales stranded in South Africa were identified as H. planifrons from external morphology (Ross 1984 ; Port Elizabeth Museum records). However, mtDNA typing of skeletal material from these specimens indicated instead that they represented I. pacificus (Figure 2a,b ; number 2) . Photographs taken of the South African animals at the time of stranding revealed the external appearance of this species for the first time . Further, comparisons to images of unidentified ''tropical bottlenose whales'' observed at sea in the tropical Indian and Pacific Oceans (e.g., Mörzer Bruyns 1971; Pitman et al. 1999) confirmed that these animals also represented I. pacificus . Overall, what was once considered to be the rarest of whales may be widely distributed and relatively common compared to many other ziphiids.
Discovery and Diagnosis of New Taxa
The third discovery concerns five beaked whales that stranded in southern California between 1975 . Four of these animals were identified Figure 5 . In a hypothetical phylogenetic tree, the circled clades, 1 and 2, would be considered species according to branching patterns predicted under the phylogenetic species concept (e.g., Simpson 1961) . Test specimen A would be identified as a member of species 1 because the sequence nests within the known ''reference'' sequences for that species. Test specimen B could be considered a possible member of species 2 with an as yet unseen level of genetic divergence, perhaps the result of geographic isolation or variation. The group of test specimens labeled C 1-3 (dashed-line box) falls outside the groupings of any known species and shows a similar level and pattern of divergence. As such, these specimens would warrant further examination as possible representatives of new, previously unrecognized species.
as M. hectori from morphology (Mead 1981) , while the fifth was identified as Ziphius cavirostris (National Marine Fisheries Service Southwest Fisheries Science Center records). While there are numerous records of the latter species from this region (Jefferson et al. 1993 ), M. hectori had been recorded previously only in the southern hemisphere. mtDNA sequences from the Californian specimens grouped together to the exclusion of all other recognized beaked whale species in phylogenetic analyses, including M. hectori and Z. cavirostris, suggesting that they could represent a new species (Figure  2a,b; number 3) . Morphological reevaluation supported this conclusion, although osteological features distinguishing this species from M. hectori are subtle, and only molecular characters are considered fully diagnostic . A new species, Perrin's beaked whale (M. perrini), was described and named on the basis of these results . Sequences from two of these specimens, including the holotype, are now included in the DNA reference database ( Table 1) .
The validity of this discovery was further confirmed by the results from phylogenetic analyses of nuclear actin sequences presented here. A unique 34 bp deletion distinguished the allele representing the two specimens of M. perrini screened for this locus (both homozygotes) from the alleles of all other beaked whales; a pattern reflected in the reconstruction of phylogenetic relationships among the actin intron sequences (Figure 4 , arrow).
Conclusion
While recognizing the power of molecular or DNA taxonomy, we do not suggest, however, that taxonomy should be ''impoverished'' to reliance solely on genetic data for species descriptions (Lipscomb et al. 2003) . Instead, we see DNA-based taxonomy as a natural extension of the modern synthesis of Darwinian evolution and Mendelian genetics. Species are the result of descent with modification, and molecular characters are the direct archive of this history (Zuckerkandl and Pauling 1965) . If necessary, a molecular taxonomy could operate in a morphological vacuum (as is currently the case with many discoveries of new microorganisms) (e.g., Nee 2003) , but only once a database of reference sequences derived from validated physical specimens has been established. For most organisms, however, such an extreme reductionism is clearly not required or desirable and would deny much of what is most interesting about the wealth of biological diversity with which we share the Earth. Nonetheless, we feel that a DNA-based approach, operating within a universal code of practice, can help overcome many of the problems facing taxonomic identification today.
As a result of our findings, the Smithsonian Institution's National Museum of Natural History (United States) has proposed allowing DNA typing of all cetacean holotypes in its collection. Given this precedent, we recommend that in addition to material collected traditionally for museums (osteological specimens, morphological descriptions, and life-history samples), the collection of genetic data should become standard for all cetaceans. Recognizing the pivotal role of stranding networks in cetacean research, we also stress the importance of maintaining and expanding such networks wherever possible.
